Aims/hypothesis The
Introduction
Moderate alcohol consumption is known to have beneficial effects on glucose metabolism [1, 2] . Based on a metaanalysis of 20 prospective cohort studies, moderate alcohol intake is consistently associated with a reduced risk of type 2 diabetes [1] . Despite this evidence, alcohol consumption recommendations for diabetes prevention remain controversial because alcohol intake at an excess level may cause pancreatic damage and thus increase risk of type 2 diabetes as well as contribute to liver injuries [1, 3] . In addition, the physiological explanation for the beneficial effect of moderate alcohol consumption on type 2 diabetes is unclear, although it has been suggested that the mechanism may involve improving insulin sensitivity [4] [5] [6] , potentially regulated by other biological pathways.
Recently, fetuin-A, which is a glycoprotein secreted by the liver, has emerged as a biomarker for risk of type 2 diabetes [7] [8] [9] [10] [11] [12] . Fetuin-A is involved in the mechanism regulating the insulin signalling pathway through inhibition of insulin receptor tyrosine kinase activity [13] [14] [15] . Dysregulation of this process may result in the pathophysiological sequelae leading to type 2 diabetes [13] . In large cohort studies, elevated plasma fetuin-A was associated with increased risk of incident type 2 diabetes [7] [8] [9] [10] . In addition, fetuin-A has been found to correlate inversely with adiponectin [16] , which has insulinsensitising properties [17] . Thus, we speculate that fetuin-A may be involved in the altered insulin signalling and improved insulin sensitivity induced by alcohol consumption.
In other words, alcohol consumption may influence circulating fetuin-A concentrations, and subsequently diabetes risk, by altering the insulin signal. However, no large-scale human studies have investigated this question. We therefore hypothesised that moderate alcohol consumption would be associated with lower plasma fetuin-A concentration in individuals without diabetes, and that plasma fetuin-A would partly explain the association between alcohol consumption and incident type 2 diabetes in a large population of women.
Methods

Study population
The Nurses' Health Study is a prospective cohort study of 121,700 female registered nurses aged 30-55 years living across the USA at the baseline data collection in 1976. The participants have been followed biennially with questionnaires on medical history and lifestyle. Blood sample collections were conducted on 32,826 participants in [1989] [1990] (biospecimen collection cycle 1) and 18,717 participants in 2000-2001 (cycle 2). Among participants who provided a blood sample, a prospective nested case-control approach was used to examine the association of plasma biomarkers in relation to specific disease risk. For the current investigation on the association of alcohol consumption with plasma fetuin-A, we included participants who were previously selected as controls for type 2 diabetes from blood collection cycle 2, coronary heart disease from cycle 1, or stroke from cycle 1 of a nested case-control study. We excluded participants with self-reported prevalent diabetes and cancer at blood draw. A total of 1,331 individuals with data on both alcohol consumption and plasma fetuin-A were included in the analysis of the association between alcohol consumption and fetuin-A in diabetes-free women.
For incident type 2 diabetes analysis, a nested case-control study of diabetes was conducted among women with an available blood sample. We prospectively identified and confirmed 470 patients with type 2 diabetes from the date of blood draw in 2000 through 2006 who were free of self-reported prevalent diabetes, cardiovascular disease and cancer at blood draw [7] . Risk-set sampling was used to randomly select one control for each case from the rest of the population who remained free of diabetes when the case was diagnosed [18] . Participants were further matched cases and controls for age at blood draw (±1 year), date of blood draw (±3 months), fasting status (fast for ≥8 h) and ethnicity (white/non-white). We excluded cases of diabetes diagnosed in the first year since blood collection in order to minimise reverse causation bias. The study protocol was approved by the institutional review board of the Brigham and Women's Hospital and the Human Subjects Committee Review Board of Harvard School of Public Health. Informed consent was obtained from all participants.
Assessment of diet Dietary intake has been assessed using a validated semiquantitative Food Frequency Questionnaire (FFQ) every 4 years as described in detail previously [19, 20] . Participants were asked to select their usual intake of a standard portion of each food item. The daily nutrient intake was estimated using the Harvard Food Composition Database derived from the US Department of Agriculture nutrient data. Questions about consumption of wine, beer and spirits (i.e. distilled alcohol) were asked as separate items [21] . Ethanol intake was estimated by multiplying the frequency of consumption of each beverage by the alcohol content of the specified portion size (11.0 g for wine, 12.8 g for beer, and 14.0 g for spirits) and summing across beverages to calculate total alcohol intake. The assessment of alcohol intake by FFQ correlated highly with intake assessed by multiple-week dietary records (Spearman r =0.90 for total alcohol, 0.83 for wine, 0.81 for beer, and 0.80 for spirits) and was highly reproducible over the 1-year interval (r =0.90 for total alcohol) [22, 23] . To reduce measurement errors, the cumulative average intake value of two FFQs, one closest to the time of blood collection and another 4 years preceding it (i.e. 1986 and 1990 FFQs for corresponding blood collection cycle 1 and 1994 and 1998 FFQs for cycle 2), were computed for all dietary variables including alcohol.
Assessment of plasma fetuin-A and biochemical analysis Blood sample collection and treatment have been described in detail previously [7] . Samples were processed immediately upon arrival. Aliquots were placed into cryotubes as plasma, buffy coat and erythrocytes. All cryotubes were stored in the vapour phase of liquid nitrogen freezers at −130°C or less. Plasma fetuin-A concentrations were measured in singlicate by an enzyme immunoassay from R&D Systems (Minneapolis, MN, USA). Based on the quality control samples (n =80) run with the study samples, the average intra-assay CV for fetuin-A was 13.1%. C-reactive protein (CRP; intra-assay CV 1.2%), HbA 1c (intra-assay CV 5.3%), fasting insulin (intraassay CV 3.3%), adiponectin (intra-assay CV 8.0%), liver alanine aminotransferase (ALT; intra-assay CV 7.9%) and γ-glutamyl transpeptidase (GGT; intra-assay CV 3.4%) were measured as described previously [7] . For diabetes case-control analysis, each pair was shipped in the same batch and analysed in the same run.
Assessment of other covariates Information on medical history, lifestyle practices and body weight was collected at baseline and has been updated every 2 years. For the present analysis, we included covariates derived from the questionnaires obtained closest to the time of blood collection. BMI was calculated as weight (kg) divided by height squared (m 2 ). Based on the previous validation study, self-reported weights correlate highly with measured weights (r = 0.97) [24] . Information on cigarette smoking, physical activity, family history of diabetes, postmenopausal hormone use, and history of hypertension or hypercholesterolaemia was assessed from these questionnaires. The validity of these assessments has been documented previously [25] .
Ascertainment of type 2 diabetes
In the baseline questionnaire and all biennial follow-up questionnaires, participants were asked about the incidence of physician-diagnosed diabetes. Participants who reported such a diagnosis received a supplementary questionnaire querying about symptoms, diagnostic tests, and treatment for the purpose of confirmation. The selfreport of diagnosis of type 2 diabetes has been demonstrated to be highly reliable in a validation study [26] , in which selfreported diagnosis of diabetes was confirmed by medical records reviewed by an endocrinologist blinded to the supplementary questionnaire information for 61 of 62 randomly selected participants who responded. Only patients with confirmed type 2 diabetes were included as a case in the current diabetes case-control analysis. The American Diabetes Association 1998 criteria were used to confirm or refute selfreported type 2 diabetes diagnosis: (1) an elevated glucose concentration (fasting plasma glucose ≥7.0 mmol/l, random plasma glucose ≥11.1 mmol/l or plasma glucose ≥11.1 mmol/l at 2 h after an oral glucose load) and at least one symptom (excessive thirst, polyuria, weight loss or hunger) related to diabetes; (2) no symptoms, but elevated glucose concentrations on two occasions; (3) treatment with insulin or oral hypoglycaemic medication.
Statistical analysis
Distributions of continuous variables were assessed for normality, and natural log transformations of skewed biomarkers were used in subsequent analyses. Descriptive statistics for continuous variables were summarised as mean ± SE, and categorical variables were summarised using proportions according to alcohol consumption categories (0 g/day, >0 to <5 g/day, >5 to <15 g/day and ≥15 g/day).
General linear models were used to evaluate associations of alcohol consumption with plasma fetuin-A concentrations. Model 1 was adjusted for demographic information including age at blood draw (continuous), ethnicity (white/non-white), time of blood draw (blood collection cycle 1/2) and fasting status (yes/no). Model 2 was additionally adjusted for medical history variables including postmenopausal hormone use (yes/no), family history of diabetes (yes/no), history of hypertension (yes/no), and history of hypercholesterolaemia (yes/no). Model 3 was further adjusted for lifestyle variables including smoking status (current/former/never), physical activity (low/high), Alternative Healthy Eating Index (tertiles) [27] and total energy intake (continuous). Leastsquares means (lsmeans) of fetuin-A were estimated in categories of alcohol consumption, and linear trends were tested. The Alternative Healthy Eating Index (tertiles) was generated excluding alcohol intake scores [27] . Sensitivity analysis stratified by two different blood collection cycles in the Nurses' Health Study was assessed for the association under investigation. The merged overall analyses were conducted after confirmation of similar associations in the two cycles. Interaction was tested by adding an interaction term of alcohol consumption (continuous) with age (continuous), BMI (continuous), family history of diabetes (yes/no), hypertension (yes/no), hypercholesterolaemia (yes/no), Alternative Healthy Eating Index (continuous) and current smoker (yes/no), with adjustment for covariates in model 3. To assess the independent effects of specific alcohol types, the association of each alcohol type (i.e. wine, beer and spirits) with plasma fetuin-A was examined individually in multiple linear regression models, with mutual adjustment for individual types of alcohol. To account for variation in assay runs within the combined control samples, fetuin-A values were recalibrated as described by Rosner et al [28] . β coefficients from a linear regression model of fetuin-A with study assay run indicators were averaged. The difference between the corresponding β coefficient from the model and the average coefficient was subtracted from the unadjusted fetuin-A value to generate a standardised measurement.
To evaluate the contribution of fetuin-A to the association between alcohol consumption and type 2 diabetes, conditional logistic regression was used, matching for age at blood draw, ethnicity, time of blood draw and fasting status and adjusting for postmenopausal hormone use (yes/no), family history of diabetes (yes/no), history of smoking (yes/no), physical activity (quartiles), Alternative Healthy Eating Index (quartiles) and total energy intake (continuous). SAS macro %MEDIATE (publicly available at www.hsph.harvard.edu/ faculty/spiegelman/mediate.html) was applied to estimate the proportion of the association explained by fetuin-A and other metabolic variables (i.e. CRP, BMI, fasting insulin, adiponectin, ALT and GGT), using 1−(βmediator model/ βbase model)×100 according to the methods described by Lin et al [29] .
For all statistical analyses, two-sided p <0.05 was considered to be significant. All data analyses were performed using SAS software, version 9.3 for UNIX (SAS Institute, Cary, NC, USA).
Results
Characteristics of diabetes-free participants according to alcohol consumption categories are presented in Table 1 . Participants who had a higher intake of alcohol were younger, more likely to smoke, and had higher adiponectin and lower BMI, Alternative Healthy Eating Index and HbA 1c concentrations (all p for trend ≤0.02) ( Table 1 ). In a subsample of diabetes-free individuals with fasting insulin data available (n =470), fasting insulin concentrations tended to have nonlinear U-shaped association with fetuin-A, although this was not significant: lsmean ± SE 45.1±2.1 pmol/l for abstainers, 41.7 ± 2.1 pmol/l for 0.1-4.9 g/day consumers, 38.2 ± 2.8 pmol/l for 5.0-14.9 g/day consumers, and 43.1 ± 4.2 pmol/l for ≥15.0 g/day consumers. For the diabetes-free individuals (n =1,331), median daily alcohol intake was 2 g/day (5th, 95th percentiles 0, 26).
Multiple regression models were constructed to assess whether alcohol consumption was associated with plasma fetuin-A concentration (Table 2) MET-h/week, metabolic equivalent hours per week range 0.043, 0.055] for GGT), the inverse association between alcohol consumption and fetuin-A remained significant with model 3 adjustment (both p for trend ≤0.004). In the subgroup of participants with waist circumference data (n =749), a similar trend of the inverse association between alcohol consumption and fetuin-A was observed with adjustment for model 3 in addition to waist circumference as a continuous variable (p for trend=0.06). When the association between alcohol consumption and fetuin-A was examined by time period of blood collection, a similar trend of inverse association was present in both cycles, although with attenuated significance (n =861 and n =470 for each period). When the highest category (≥15 g/day) of alcohol consumption was further divided into 15 to <30 g/day and ≥30 g/day consumer categories, the inverse association between alcohol consumption and fetuin-A remained with adjustment for model 3 covariates (p for linear trend=0.0006). In addition, ≥30 g/day consumers had significantly lower fetuin-A concentrations than abstainers (p =0.0004). When abstainers were removed from the analysis, the similar inverse trend association between alcohol consumption and fetuin-A remained in the three categories of drinkers with model 3 adjustment, although the significance was attenuated to non-significant (n =926). Participants who develop diabetes by 2006 (n =470) had a similar trend of inverse association between alcohol consumption and fetuin-A with model 3 adjustment, although not significant. When the subgroup of diabetes-free participants with fasting insulin measurements was stratified into tertiles of fasting insulin concentrations (n = 418), the significant association between alcohol and fetuin-A remained only in the highest tertile with model 3 adjustment (p for trend=0.02) (p =0.4 for interaction between fasting insulin and alcohol consumption). No effect modification of the association between alcohol intake and type 2 diabetes was observed for age, BMI, family history of diabetes, history of hypertension or hypercholesterolaemia, Alternative Healthy Eating Index or smoking.
To examine whether alcohol type (i.e. wine, beer and spirits) was independently associated with plasma fetuin-A, multiple regression models were constructed (Table 3) . Wine was inversely associated with plasma fetuin-A (p for trend= 0.03) after adjustment for demographic information, medical history and lifestyle variables. However, these associations became attenuated to non-significance with mutual adjustment for individual types of alcohol (Table 3) .
The proportions of the association between alcohol consumption and type 2 diabetes explained by metabolic variables were assessed in 470 diabetes case-control pairs ( Table 4 ). The proportions of the association between alcohol consumption and type 2 diabetes that were independently explained were fetuin-A 18.4%, CRP 30.9%, BMI 33.2%, fasting insulin 54.8% and adiponectin 68.3% (all p for contribution <0.04), when 5 to <15 g/day alcohol consumers were compared with abstainers after adjustment for demographic information, medical history and lifestyle. ALT and GGT did not significantly contribute to the association between fetuin-A and diabetes (p for contribution =0.7 and =0.2, respectively). 
Discussion
In a large population of middle-aged and older diabetes-free women, we observed that higher total alcohol consumption was associated with lower plasma fetuin-A. Wine was individually associated with plasma fetuin-A concentrations, but these associations were eliminated after mutual adjustment for individual types of alcohol. Therefore, the observed association is probably attributable to the total alcohol effect rather than an independent effect of specific types of alcohol. Fetuin-A and fasting insulin explain a significant proportion of the association between alcohol consumption and incident type 2 diabetes. Further, fasting insulin was a significant contributor to the association between fetuin-A and diabetes, while adiponectin did not contribute to this association in this population. Similar to our findings, previous observational studies have demonstrated hepatic and glucose metabolic benefits of alcohol consumption [1, 2, [30] [31] [32] . Based on a meta-analysis of 20 prospective cohort studies, the association between alcohol intake and type 2 diabetes is U-shaped [1] . Alcohol consumption was found to be most protective when consumed at a level of 24 g/day for women and 22 g/day for men, while it was found to become harmful at levels above 50 g/day for women and 60 g/day for men [1] . Since our participants consumed a median of 2 (5th, 95th percentiles 0, 26) g/day of total alcohol, most women in this study probably consumed alcohol within the beneficial range. This explains the linear association observed between alcohol consumption and fetuin-A in the present investigation. Fetuin-A is a glycoprotein secreted by the liver and has recently emerged as a biomarker for type 2 diabetes [7] [8] [9] [10] [11] [12] . Large-scale prospective studies have demonstrated that elevated plasma fetuin-A concentration is associated with an increased risk of developing type 2 diabetes [7] [8] [9] [10] . Physiologically, this association may be explained by inhibition of insulin receptor tyrosine kinase activity by fetuin-A and therefore regulation of the downstream insulin signalling pathway [13] [14] [15] . Dysregulation of this process may subsequently result in impaired glucose metabolism leading to type 2 diabetes [13] .
The underlying physiological explanation of the beneficial effect of moderate alcohol consumption on type 2 diabetes is not entirely clear. However, a number of observational and experimental studies have suggested that the mechanism may Median alcohol intake (lower and upper quartiles) and least-squares means ± SE are provided Model 1 was adjusted for age at blood draw (continuous), ethnicity (white/non-white), time of blood draw (blood collection cycle 1/2), fasting status (yes/no) Model 2 was additionally adjusted for postmenopausal hormone use (yes/no), family history of diabetes (yes/no), history of hypertension (yes/no), history of hypercholesterolaemia (yes/no), smoking status (current/former/never), physical activity (low/high), Alternative Healthy Eating Index (tertiles), total energy intake (continuous)
Model 3 was additionally adjusted for other types of alcohol * p <0.05
involve improving insulin sensitivity [4] [5] [6] , potentially assisted by other biomarkers [5, 6, 33, 34] . Assessed using a hyperinsulinaemic-euglycaemic clamp, higher alcohol consumption was associated with improved insulin sensitivity in women [4] . In a randomised crossover trial of 26 women receiving 26 g/day alcohol for 3 weeks, this moderate alcohol intake increased concentrations of total and high-molecularweight adiponectin [34] . Adiponectin has been found to correlate inversely with plasma fetuin-A in humans [16] and reported as a contributor to the association between alcohol consumption and diabetes [35] . Since adiponectin and fetuin-A are both involved in regulating the insulin signalling pathway [13, 17] , we hypothesised that fetuin-A would be involved in the altered insulin signalling induced by alcohol consumption. In our study, in a large population of women, fetuin-A was a significant contributor to the association between alcohol intake and diabetes. It has been previously demonstrated that fasting insulin is a significant contributor to the association between fetuin-A and type 2 diabetes, whereas adiponectin is not a significant contributor to this association [7] . Therefore, population-based human data support previous animal and human in vitro experimental studies [13] [14] [15] showing that fetuin-A probably interacts directly with the insulin signalling pathway through the insulin receptor without the mediation of adiponectin. We demonstrated in our subsamples that the association between alcohol consumption and fetuin-A might be stronger in those diabetes-free women with higher concentrations of fasting insulin. However, this finding needs to be further investigated in a larger sample size. Previous studies have reported the beneficial impact of alcohol consumption on type 2 diabetes [1, 2] and the association between fetuin-A and type 2 diabetes [7] [8] [9] [10] , but no large-scale human studies have investigated the association of alcohol consumption with fetuin-A. We show here for the first time to our knowledge that moderate alcohol consumption was associated with lower plasma fetuin-A in 1,331 diabetesfree women with fetuin-A measurements in addition to detailed characterisation of medical history and lifestyle.
This study, however, has limitations that should be noted. First, our study participants were female nurses of primarily European ancestry. We cannot generalise the present finding to men, given previously reported sex differences in drinking patterns and alcohol metabolism [36, 37] and sex interaction with fetuin-A in type 2 diabetes [11] . Since fetuin-A concentrations may vary among different ethnic groups [8] , we also cannot generalise our results to all ethnic groups. Second, we cannot exclude the possibility that plasma fetuin-A measured in our study does not represent true, biologically relevant, long-term values. However, we have previously evaluated the stability of fetuin-A concentrations in blood samples collected 1-2 years apart [38] and determined a high intraclass correlation of 0.88 [7] . In the present alcohol and fetuin-A association analysis, our diabetes-free population was from combined control fetuin-A samples from three nested casecontrol studies. Although all blood sample processing and fetuin-A assays were performed under the internal Nurses' Health Study protocol, this combining of control samples may have introduced additional measurement errors due to different batches of buffer solutions used or different technicians running the assays. To account for variation in assay runs, we recalibrated fetuin-A concentrations using previously published methods [28] . Third, fetuin-A may be more critical at specific stages of the disease progression. For example, it may be more relevant during the early stages in the absence of fatty liver or insulin resistance. However, we did not have information on non-alcoholic fatty liver disease diagnosis or insulin measurements from a big enough sample size to investigate this question further. In our sensitivity analysis in diabetesfree individuals, however, the association between alcohol consumption and fetuin-A remained significant with covariate adjustment for adiponectin, CRP or HbA 1c . This suggests that the association may be present throughout the progression to OR (95% CI) compares 5 to <15 g/day alcohol consumers with abstainers. Continuous values were used for BMI, log CRP and log adiponectin. n =940 for all models, except for the model including fasting insulin (n =836)
Base model was conditioned on matching for age at blood draw, ethnicity, time of blood draw and fasting status and was adjusted for postmenopausal hormone use (yes/no), family history of diabetes (yes/no), history of smoking (yes/no), physical activity (quartiles), Alternative Healthy Eating Index (quartiles), total energy intake (continuous). Subsequent models were further adjusted for testing metabolic variable diabetes. Fourth, we cannot conclude on the basis of this observation alone that fetuin-A is involved in the biological mechanism underlying beneficial effects of alcohol consumption on diabetes prevention. However, the null contribution of liver enzymes in the association between alcohol consumption and diabetes demonstrated in our study further supports a potential physiological role for fetuin-A and indicates the need for additional investigation on biological mechanisms underlying this association. Fifth, we had limited ability to assess the association in moderate to heavy alcohol consumers, since our participants were mostly consuming low to moderate levels of alcohol. Further, the causality of the association could not be drawn from this observational investigation. Since fetuin-A alone explained a small proportion of the association between alcohol consumption and diabetes, other related variables may be involved in the pathophysiological mechanisms. Therefore, additional investigations, including longitudinal analyses with larger sample size and biomarker measurements at multiple time points and well-designed randomised controlled trials, are needed to further confirm these associations.
In conclusion, moderate alcohol consumption is associated with lower plasma fetuin-A concentrations in middle-aged and older diabetes-free women. This association is attributed to total alcohol intake rather than independent effects of specific types of alcohol. Fetuin-A and fasting insulin explain a significant proportion of the association between alcohol consumption and incident type 2 diabetes in this population. These data contribute to emerging evidence of a pathophysiological involvement of fetuin-A in the progression to type 2 diabetes and enhance our current knowledge on the metabolic benefits of moderate alcohol consumption.
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